and has provided a platform for studying physiological adaptations of microorganisms that allow 48 them to not just survive but thrive in the harsh Antarctic environment. 49
INTRODUCTION 51
Terrestrial Antarctica represents one of the most extreme environments a living organism can 52 thrive in (1, 2). Precipitation is limited (3), and of this, the majority falls as snow and ice crystals 53 that do not melt but build up over time to form massive ice sheets. Cold, dense air from these 54 elevated ice-built surfaces continuously sinks downhill and is replaced by subsiding air from above, 55 resulting in strong winds that increases the aridity of Antarctica. The high elevation together with 56 reflection of sunlight by the snow and ice cover, not allowing heat energy absorption, contribute 57
While the LuxI/LuxR system was previously thought to be exclusive to gram-negative bacteria, 90 knowledge on the distribution of this QS system among microbes is growing, with HSL activity 91 now reported in Archaea (33-35), in gram-positive marine bacteria (36, 37), gram-positive 92 rhizobacteria from a mangrove swamp (38) and gram-positive bacteria from hypersaline microbial 93 mats (39). In Antarctica, a limited number of HSL-based QS studies is being restricted to marine 94 environments (24, 40) . The occurrence of HSL activity in Antarctic soil bacteria is not known, 95 thus major gaps remain in the understanding of the role that quorum sensing may play in nutrient-96 poor, cold desert environments (27) . 97 98 Here, we investigated the potential of HSL-based quorum sensing by Antarctic soil bacteria, 99 specifically from a hyper-arid site named Adams Flat, in the Vestfold Hills region. Adams Flat 100 soils are comprised of a microbial diversity with dominance by the phylum Actinobacteria (41) 101 ( Supplementary Figure 1) , combined with a high proportion of bacteria with the genetic capacity 102 for diverse secondary metabolite production (15). Microbial communities in Adams Flat were also 103 recently shown to be carrying out significant levels of atmospheric chemosynthesis to support 104 primary production (41), hence suggesting the need to evolve with novel functionalities in order 105 to survive in a barren desert environment. 106
107

MATERIAL & METHODS 108
Preliminary Screening for HSL-Producing Strains. The bioreporter strains used 141 were C. violaceum CV026 (detects C4-, C6-, C8-, 3-oxo-C6-and 3-oxo-C8-HSLs) (46), A. 142 tumefaciens NTL4 (pZLR4) (detects C6 -C14-HSLs, all 3-oxo-HSLs, and 3-hydroxy-HSLs of C6 143 -C10) (47) and E. coli MT102 (pjBA132) (detects C4 -C12-HSLs, 3-oxo-HSLS of C6, C8 and 144 C10) (48). The positive control used was Pseudomonas Aeruginosa PAOI. All the above 145 strains were kindly gifted by Dr. Onder Kimyon (School of Civil and Environmental Engineering, 146 UNSW, Sydney). Antibiotics (Sigma-Aldrich) were used at the following concentrations: for E. 147 coli MT102, Ampicillin (100 µg/ml); for A. tumefaciens NTL4, Spectinomycin (50 µg/ml), and 148 Tetracycline (4.5 µg/ml); for C. violaceum CV026, Kanamycin (20 µg/ml). 149 150 HSL activity of bacterial isolates was tested using the biosensors C. violaceum CV026 and A. 151 tumefaciens NTL4 via the cross-feeding plate assay as described in (49), and by E. coli MT102 152 biosensor via the well-plate assay as in (39). Briefly, each test isolate was streaked side to side 153 with the biosensors CV026 and NTL4 on ¾ nutrient agar supplemented with 40 µg /ml X-gal 154 (Invitrogen). Self-streaks of each biosensors served as negative controls and a streak of P. 155 aeruginosa PAOI with the biosensors served as a positive control. These cross-feeding plates were 156 incubated at RT for a week and were monitored for positive HSL activity as indicated by visible 157 purple or blue pigmentation, respectively. 158
For the bioassay against E. coli MT102, test isolates were grown in 25 ml of ¾ nutrient 160 broth (Oxoid TM ) cultures at RT while shaking at 100 rpm until stationary phase,  161 at an approximate OD600 of 0.5 -1.0. Absorbance at 600 nm was measured right after inoculation 162 (T= 0) and subsequently after every 24 h for 7 d. Cell cultures were subjected to ethyl acetate 163 extraction, followed by incubation with E. coli MT102, and analysis as per (39). 164
165
Thin layer chromatography profiling of presumptive HSLs. Isolates that returned positive in 166 the preliminary screening were grown in larger batches of culture (450 ml) to extract higher 167 concentrations of HSLs during stationary phase, using the aforementioned ethyl acetate extraction 168 method. Growth curves were determined for all non-sporulating isolates by measuring absorbance 169 at 600 nm starting from inoculation point and subsequently every 24 h for 3 weeks. 170
171
Culture extracts of 4-40 µl, depending of the concentration of the extracts, were spotted onto non-172 fluorescent reverse-phase C18 TLC glass plates coated with a silica gel matrix 173 (Analtech TLC uniplates, Sigma-Aldrich). The chromatogram was developed with a HPLC-grade 174 methanol and Milli-Q water mixture (60:40 v/v) as described by (50). After development, the 175 solvent was evaporated before being overlaid with the biosensor E. coli MT102. A 5 ml overnight 176 culture of E.coli MT102 was inoculated in 75 ml of LB broth and grown to late exponential phase 177 by incubation at 30 °C with shaking at 150 rpm for 4 h. The entire 80 ml of culture was added to 178 120 ml of agar-enriched LB medium to give a final agar concentration of 0.8% (w/v) before 179 pouring over the dried chromatogram. The TLC plates were incubated O/N at 30 °C before 180 visualization of the active compounds using a GE phosphorimager (Fujifilm LPB filter set, 473 181 nm laser) at an 8-h-and 18-h time point. 182
Chain lengths of the presumptive HSLs were roughly estimated by comparing the Rf values and 183 the shape of spots with a range of N-acyl-L-homoserine lactones, including N-butyryl (C4)-, N-184
HSLs, N-(3-oxo-hexanoyl)-L-HSL (OHHL), N-(3-oxo-octanoyl) L-HSL (OOHL), N-(3-oxo-186 decanoyl) L-HSL (ODHL) and N-(3-oxo-dodecanoyl) L-HSL (OdDHL) (Sigma-Aldrich). 187
Bacterial genome sequencing and assembly for eight Antarctic isolates. In addition to Adams 188
Flat bacterial isolates recovered in this study, eight isolates from the collection 189 of bacteria recovered from East Antarctic Windmills Islands region ( Supplementary Table 1 ) were 190 included in the HSL screening assays due to availability of full genome sequences (N. Benaud, 191 Unpublished data). Genomic DNA was sequenced using the PacBio RS II instrument with P6/C4 192 chemistry, and de novo assembly performed using FALCON v 1.8.6 (51). Assemblies were joined 193 and circularized using Circlator v1.4.0 (52), then subjected to two rounds of consensus polishing Table 3 ). The genomes were also searched for acyl-homoserine lactone (AHL) 208 synthase COG category COG3916 . phenomenon is not exclusive to just arid deserts but many other extreme environmental settings 239 such as volcanic areas, dark caves and marine environments (65-67). The Actinobacteria 240 community in these extreme habitats were found to produce various broad-spectrum antibiotics, 241 enzymes, anti-tumor agents and immunomodulators. In fact, since discovery of the first antibiotic 242 till today, 80% of the important drugs are sourced from members of Actinobacteria, mainly from 243 the genus Streptomyces (68). 244
245
The majority recovered isolates exhibited 99-100% sequence similarity to characterised species 246 (Table 1) . Interestingly, potentially novel isolates were also recovered, including two 247 The two soil samples (Soil 2 and 3) with higher soil fertility, defined as organic carbon, nitrogen, 263 and chloride content, had higher species richness over Soil 1. This means that the abundance of a 264 certain bacterial species recovered in Soil 2 and Soil 3, were substantially higher than Soil 1 265 cultures, in which only two genera were successfully cultured along with low colony counts. The 266 limited microbial growth observed for Soil 1 cultures could be associated with the markedly low 267 phosphorus level ( Supplementary Table 1 ), given that phosphorus is one of the vital limiting 268 nutrients in polar soils (9, 72). These results were consistent with previous work on Antarctic soil 269 biodiversity which used structural equation modelling to reveal that pH drives microbial 270 community structure in polar soil ecosystems, that is, which taxa would be present, while soil 271 fertility is positively correlated with bacterial species richness (9). (Table 1) . While HSL-based QS is 294 common in gram-negative Proteobacteria (74), to our best knowledge, there are only four known 295 reports of this QS system in gram-positive bacteria, two of which were of marine origin (36, 37), 296 one was from mangrove rhizospheres (38) and one isolated from microbial mats (39). All the 297 potential HSL producers isolated from these studies were also affiliated to either the Actinobacteria 298 or Firmicutes phylum. The widespread discovery of potential HSL-based QS from bacteria 299 spanning both gram-negative and gram-positive in Antarctic soils suggests HSL-based QS systems 300 may be a universal language for communication by soil microbes. 301
302
It was previously thought that QS in gram-positive bacteria relies on short peptides instead of 303
HSLs as signalling molecules (75, 76) but, subsequently genes encoding for peptide signals were 304 found in gram-negative bacteria via in silico analyses (77) and HSL activity has been reported in 305 an expanding breadth of the gram-positive bacterial community (36-39). With different species 306 colonising the same habitat in proximity, there is no doubt QS regulatory cassette can be 307 transmitted between organisms via horizontal gene transfer. This phenomenon suggested that 308 bacteria may have co-evolved to be multi-lingual with the presence of multiple QS systems, so 309 that communication at multiple distinct levels: intra-species, inter-species within the same genus, 310
inter-species between different genera and even inter-domain, is made easier (33-35). may be required to resist HSL hydrolysis that has been observed previously in alkaline conditions 328 (78, 79), especially given the alkaline pH of the soil in the present study ( Supplementary Table 1 ). 329 C7-HSL appeared to be the potential signalling molecule of highest occurrence and was produced 330 by seven different isolates, affiliated to three phyla, namely, Actinobacteria, Firmicutes and 331 Proteobacteria ( Table 1) . The active compound produced by a Bacteroidetes isolate Belliella sp. 332 VN2 was detected by biosensor A. tumefaciens NTL4 but not by E. coli MT102, suggesting that 333 the active compounds may be 3-hydroxy-derivatives of HSL which cannot be detected by E. coli 334 MT102. However, it should be noted that confirmation of signal molecule identity would entail 335 employing mass spectrometry and nuclear magnetic resonance in follow-up studies. 336 with no evidence of the short chain C4-HSL. Gram-positive bacteria that were identified as 339 potential HSL-producers from previous studies (36-38), also produced medium to long chain 340 length active compounds ranging from C8 to C14-HSLs, albeit the non-alkaline pH of their 341 respective environmental setting, except for one Actinobacterium isolated from a hypersaline 342 microbial mat, which was found to produce C4-HSL (39). These findings may indicate gram-343 positive bacteria, if capable of producing HSLs, are not in favour of short-chain HSLs, or these 344 compounds could be produced in concentrations ineffective for standard bioassays. 345
346
Members of Proteobacteria yielded the highest number of detectable compounds, with the 347 production of a minimum of four potential HSLs by Paracoccus sp. NBH48 and five potential 348
HSLs by Novosphingobium sp. NBM11. This is not surprising given that LuxI/LuxR-based QS is 349 common within Proteobacteria, and hence is able to make full use of this communication system. 350
The highest production of presumptive HSLs in Proteobacterial isolates was also reported in 351 another study (38), compared to members of Actinobacteria bioreporter assays in the present study, LuxI/LuxR homologs were not found in genomes of all 367 these isolates. By searching for HSL synthase COG category COG3916 and the IPR codes of 368 domains associated with autoinducer synthase ( Supplementary Table 3 showed conservation in all the eleven key residues except for E-150, which was reported to be less 398 well-conserved (81). Thus, these LuxI homologs are still able to carry out critical enzymatic 399 activity required to catalyse HSL production regardless the low conservation consensus and using 400 a different substrate, coenzyme-A (CoA)-activated acid, instead of the usual acylated-acyl carrier 401 protein-activated acid to synthesise HSLs. 402 403 A total of 135 potential LuxR sequences were extracted by searching for LuxR-associated IPR 404 codes ( Supplementary Table 3 ). However, only five of these, derived from three genomes, were 405 predicted to have the ability to bind HSL ligands as determined by COACH. As such, these five 406 were found to encode for functions that provide survival advantage.The luxI/luxR cassette in 432 NBH48 (A1PzeaV1_2917/A1PzeaV1_2919) were found in separate strands, in a convergent 433 direction ⃗⃖� (Table 3) , with virulence and heavy metal transporter genes downstream of each lux 434 genes in their respective contigs. The virulence factor virB4 that was identified here, has been 435 shown to increase cell survival by inhibiting apoptosis upon stimuli (84) and mediates plasmid 436 conjugation (85). Mercury and copper transporters are known to confer resistance to heavy metals 437 that can be toxic to the bacteria. There was no LuxI homolog found near the other LuxR homolog 438 in NBH48 (A1PzeaV1_02748) but a cardiolipin synthetase was adjacent to it, on the opposite 439 strand. Cardiolipin has been reported to mediate various signalling pathways (86), and thus, may 440 be working in tandem with this LuxR homolog in ⃖ ⃖� arrangement. 441
442
The putative LuxI and LuxR homologs found in NBM11 were 42 000 nt apart, suggesting they 443 may not be working in tandem. The putative luxI in NBM11 (A2NstyV1_00719) were flanked by 444 several genes encoding for conjugal transfer proteins, which are essential for passing on useful 445 traits between microorganisms. No luxR gene was observed in vicinity to the NBM11 luxI, but a 446 HTH-type domain transcriptional regulator, MarR, was found upstream. As for the NBM11 447 putative luxR (A2NstyV1_00759), a set of precursors of HSL synthesis such as long chain fatty 448 acid-CoA ligase and a few different acyl-CoA substrates, were found upstream, in a ⃖� ⃖ topology. 449
Downstream were proteins involved in conjugation, suggesting NBM11 lux genes were located on 450 a conjugal plasmid, similar to traI/traR in A. tumefaciens (87). 451 the antisense strand in ⃖� ⃖� topology. There was no LuxI homolog but an acetyl-CoA synthetase 453 and a spectinomycin and tetracycline transporter were located downstream of the double LuxR 454 homologs. This multiantibiotic efflux pump can confer antimicrobial resistance, enhancing the 455 bacteria competitive advantage (88). However, further experimental work is required to determine 456 if these genes were actively regulated by the adjacent luxI/luxR genes. 457
CONCLUSION 459
Bacteria surviving in East Antarctic soils are exposed to a number of environmental threats that 460 must drive a variety of survival responses that require cell-to-cell communication. This study 461 reports for the first time, quorum sensing activity within Antarctic soils with profiles of the active 462 signalling molecules produced by both gram-negative and gram-positive bacteria, the latter which 463 has only been recently discovered to be capable of this new communication system. As Antarctic 464 microbes represent a reservoir for novel functionalities and natural products, understanding the 465 basis of microbial communication, which is a pre-requisite to accomplish almost any processes, is 466 one of the first steps to manipulate microbes to our benefits. 467
This study has provided a platform for future studies further characterising the physiological 468 adaptations of microorganisms that allow them to not just survive but thrive under extreme 469 Antarctic conditions. 470 471 ACKNOWLEDGEMENTS 472
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